However, it has remained elusive as to how does PCNA orchestrate these functions in 30 harmony. Here, we constructed a systematic mutation library of PCNA, which covers every 31 amino acid to map the functional sites of it. This carefully designed synthetic mutant pool 32 could be generally useful and serve as a flexible resource, such as dissecting the functional 33 mechanism of PCNA by genetic relationship analysis with key proteins through Synthetic 34 genetic array. We further dissected the intrinsic mechanism for damage sensitivity of 35 PCNA K168A , the most severe DNA damage sensitive mutant in our alanine scanning mutation 36 library, this helps us to get better understanding of how PCNA participates in DNA damage 37 tolerance (DDT) pathways. Our findings indicate that K168 site is vital for the interaction 38 between DDT related partner proteins and PCNA, and also highlight the importance of the 39 PCNA-Rad5p interaction. 40
Introduction

44
Accurate and efficient propagation of genetic information to descendants is the central task 45 for dividing cells. Nevertheless, DNA is highly vulnerable to many types of genotoxic 46 challenges that can lead to DNA damage and replication fork stall, termed DNA replication 47 stress (1) . Inappropriate molecular management of replication stress may result in genetic 48 variation, replication fork collapse or cell death. Proliferating cell nuclear antigen (PCNA) 49 plays central roles in DNA replication and repair by guaranteeing replisome fluidity (2). This 50 toroid shaped homotrimer is structurally superimposable across eukaryotes consistent with 51 evolutionary conservation of their role as sliding clamps (3). Based on a common mode of 52 action, PCNA was reported to interact with various partners to orchestrate different DNA 53 metabolic functions in harmony (3, 4). 54
Several established mechanisms of DNA damage tolerance (DDT), which are vital for 55 relieving replication fork stalling and ensuring complete duplication of the genome even in the 56 presence of bulky DNA lesions, are regulated by distinct post-translational modifications 57 (PTMs) of PCNA (3, 5, 6). Monoubiquitylation of PCNA on K164 by the Rad6-Rad18 complex 58 triggers an error-prone bypass mechanism through the recruitment of dedicated translesion 59 polymerases. These enzymes can replicate across lesions (translesion synthesis; TLS) (7). 60
Polyubiquitylation of PCNA on K164 site by Mms2/Ubc13-Rad5 complex is involved in a 61 recombination-related mechanism, which can switch replication from the damaged site to the 62 undamaged sister chromatin as template, which is thus named the template switching 63
pathway (TS) (8). A typical symbol of this pathway is sister chromosomal junction (SCJ) 64
shaped like an "X molecule" similar to the Holliday junction (9). Several important genes 65 involved in this pathway have been identified by detecting the presence of SCJs (10, 11), 66 leading to a "sketch map" of this pathway. Another type of modification on PCNA is 67 SUMOylation at lysines 127 and 164 by Ubc9 or Siz1 , which acts as inhibitors of homologous 68 recombination by recruiting Srs2p to remove Rad51p from chromatin, and thus keeps certain 69 potentially deleterious HR pathways in check (12). 70
Although PCNA modifications by SUMO and ubiquitin are known to be crucial for DDT, the 71 regulation or choice among these three pathways remains poorly understood. Structural 72 5 analysis of the PCNA -Siz1-Srs2 and PCNA-polη complexes have shed some light on the 73 working mechanism of HR and TLS pathways (13, 14), whereas the TS pathway remain 74 largely elusive. It is unclear how Rad5p, a key component which functions both upstream, as 75 a ubiquitin ligase, and downstream, as a helicase lacking a canonical PIP (PCNA-interacting 76 peptide)-box, participates in this pathway (11). In addition, it is also unclear how 77 polyubiquitination on PCNA is correlated with the TS pathway, and why some well-known HR-78 related proteins are involved in TS as reported in recent years (10). In this study, we generated a PCNA mutant library consisting of 308 alleles to cover every 88 residue within this protein based on a carefully designed synthetic construct, which could be 89 generally useful and serve as a flexible resource. We systematically substituted each residue 90 with alanine, while replacing each native alanine residue with serine. At the IDCL region, a 91 more comprehensive mutagenesis strategy was applied, including swapping the charge 92 status of each residue and substituting each modifiable residue with another amino acid 93 residue to mimick either modified or unmodified status, when possible. We screened the 94 library for individual mutants that made yeast fail to resist DNA damaging agents such as 95 methyl-methanesulfonate (MMS) and hydroxyurea (HU), which revealed several important 96 regions within PCNA. We then focused our study on one particular mutant, K168A, which 97
showed severe sensitivity to DNA lesions and revealed the importance and the intrinsic acting 98 mechanism of this site for PCNA during DDT. 99 7 between the synthetic and native PCNA (Fig S1C) . We conclude that synPCNA is fully 129 functional, at least under the conditions tested. 130
A versatile library of synthetic PCNA mutants 131
Based on synPCNA, two major classes of systematic mutants were designed. The first class 132 consists of 257 variants, including an alanine substitution of each residue. Each native 133 alanine residue was replaced by serine (Fig 1B) . The second class focused on residues at the 134 IDCL region, which is key for interacting with "PIP" box containing partner proteins (Fig 1C) . 135
These mutants were generated following the rationale listed in table S1. For example, lysine 136 residues were mutated to arginine and glutamine to potentially mimic constitutively 137 deacetylated/acetylated states and to glutamic acid to swap the charge state. In addition, 138 three mutations of Y211 were constructed to mimic constitutive phosphorylation or 139 dephosphorylation states (28, 29) since this site is known to be phosphorylated in human. At 140 last, two previously reported PCNA mutants, G178S and LI126, 128AA (17, 24), were also 141 constructed to serve as control for different assays. 142
In addition of changes at the designated amino acid residue, a unique 20 bp TAG 143 sequence was assigned to each mutant (Table S2) We found most of the mutants showed no obvious defects under above tests and, as 161 expected, most of the phenotypes result from treatment with DNA damaging reagents (Table  162 S3). Among the alanine scanning mutants, 51 out of 257 (19.8%) mutants showed sensitivity 163 to at least one DNA damaging reagent. This finding is consistent with the biological function 164 of PCNA, which is tightly involved in DNA replication and repair (4). Therefore, we focused on 165 dissecting the underlining mechanisms of DNA damage sensitivities among these mutants in 166 the remaining studies. 167
From the alanine-substitution mutants, we identified three major classes of mutants which 168 were sensitive to MMS (94%), HU (20%) and UV irradiation (20%) respectively. As shown in 169 the Venn diagram (Fig 2A) , 36 mutants were only sensitive to MMS, 2 mutants showed only 170 sensitivity to HU while 10 mutants showed sensitivity to UV also had sensitivity to either HU 171 or MMS or both. There were 4 mutants showing sensitivity to all three kinds of DNA damage 172 stress. We calculated the evolutionary conservation value of these amino acids that were 173 sensitive to DNA damage, if mutated, and found they were more conserved comparing with 174 total amino acid residues (Fig 2B) , revealing that they are more important. The DNA damage 175 sensitivity scores of all the mutant alleles are listed in table S3. 176
When mapping these sites to the crystal structure of the PCNA trimer, we identified five 177 structural coherent clusters. The first cluster is located at the central alpha helix which is close 178 to the DNA strand and forms a positive charge cluster (Fig 2C) . According to previous studies, 179 these positive charges may facilitate PCNA binding to negatively charged DNA (31) (Fig 2D) . 180
The second cluster is the PIPbox peptide binding region (Fig 2E) . By mapping the sites in the 181 crystal structure of the Cdc9 PIPbox peptide in complex with PCNA (PDB: 2OD8) (32), we 182
showed that the sensitive sites (highlighted in red) are important for interacting with the 183 PIPbox peptide. The third cluster lies on the interface between two monomers (Fig 2F) . 184
Mutations at these sites might weaken the formation of the PCNA trimer. Furthermore, we 185 9 identified two regions at the N terminal domain: The N terminal front region (Fig 2G-H) and 186 the N terminal back region (Fig 2I-J) . The phenotypic sites on the front region just buried 187 under the IDCL loop and this cluster may act as interaction hub for some partner proteins. 188
Other novel sites which were not observed in previous studies were located at the back side 189 of the N terminal domain. This cluster may also act as a face for interaction with important 190 partner molecules. Interestingly, relatively fewer mutations (K164A, K168A, K196A) in the C 191 terminal domain corner showed sensitivity to DNA damage stress. Since the K196 site and 192 K164 site have been well studied previously and the K168 site is adjacent to K164 site, we 193 did not show these sites as a functional cluster in this figure. 194
As a conclusion, we systematically mapped the functional sites of PCNA which not only 195 fleshed out the functional region reported in previous studies, but also identified a new cluster 196 located on the N terminal domain. 197
The side chain of PCNA K168 is crucial for DDT and the deficiency of K168A is distinct 198 from K164 site modification. 199
Next, we focused on one mutant, K168A, which is severely sensitive to UV, HU and MMS 200 (Table S3) . We confirmed its damage sensitivity by growth assay in rich medium with or 201 without MMS. The K168A mutant grew comparatively to that of wild type in medium without 202 MMS (doubling time (DT) at 1.61hr and 1.68hr respectively). In contrast, it grew much more 203 slowly in the presence of 0.005% MMS (DT=2.2hr, Fig 3A) . According to the results from 204 FACS analysis (Fig 3B) , the longer doubling time comes from a retarded cell cycle in K168A 205 after MMS treatment. Nevertheless, K168A showed identical cell cycle progression to that of 206 wild type in the absence of MMS (Fig S4) . 207
Since lysine is one of the major target of post-translational modifications (PTMs), we at first 208 tested whether K168 can be modified. As a result, we failed to detect any modifications at this 209 site using the purified PCNA from yeast by mass spectrometry. Next, we asked whether the 210 arginine substitution, which blocks both ubiquitination and SUMOylation but keeps a similar 211 side chain charge, displays similar phenotypes as K168A. Interestingly, the K168R mutant 212 strain didn't show significant sensitivity to DNA damage (Fig 3C) , ruling out the possibility that 213 the defect comes from the loss of ubiquitination or SUMOylation on K168 and hinting that the 214 10 presence of positively charged side chain at this position might be critical. Since K168 is near 215 to K164, a site that can be modified with either SUMOylation or ubiquitination and participates 216 in three different repair pathways (12, 33, 34), we hypothesized that the side chain of K168 217 may warrant site specificity of K164 during PTM and K168A mutation might compromise 218 normal modifications at K164. To detect SUMOylated PCNA, we treated cells with MMS for 219 2hr to accumulation the modification and immunopreciped the HA tagged PCNA with HA 220 antibody, then sumoylated PCNA were immunoblotted with SMT3 antibody (Fig 3D) under 221 denatured condition. The Western Blot shows that the alanine substitution at K168 resulted in 222 a decreased amount of PCNA SUMOylation (Fig 3D) . Similarly, immunoprecipitate with SMT3 223 antibody and immunoblot with HA antibody reveal the same conclusion (Fig 3E) . Consistently, 224 K168R did not affect PCNA SUMOylation (Fig S5) . It is known that SUMOylation could 225 prevent recombination (12), so decreased SUMOylation level may lead to increased HR. The 226 released HR is actually a salvage repair pathway for DNA damage, because both siz1△ and 227 srs2△ can rescue the damage sensitivity caused by TLS and TS pathway deficiency (12). 228 Therefore, the decreased K164-SUMO is not directly responsible for, but may contribute to, 229 the extreme damage sensitivity of K168A mutant. 230
Next, we tested whether PCNA ubiquitination is also affected by K168A. To enrich the 231 ubiquitinated PCNA, we used His-tagged Ubi4 to pull down the modified proteins and 232 specifically detected PCNA in the enriched samples. As shown in Fig 3F, unlike K127A or 233 K164A mutant in which ubiquitylated PCNA isoforms were largely reduced, both the modified 234 protein amount and the band distribution pattern in K168A were very similar to that of wild 235 type (Fig 3F) , suggesting that K168A mutation is not likely to interfere ubiquitination of PCNA. 236
In addition, we examined the location of K168 in the crystal structure of PCNA with mono-237 ubiquitin (7), we found the ubiquitin is far away from K168. Together, these results suggest 238 that the loss of side chain at K168 does not affect PCNA ubiquitylation but will lead to the 239 reduction of PCNA SUMOylation. 240 K168A mutant blocks interaction between PCNA and Rad5p. 241
Since HR can rescue the damage sensitivity caused by deficiency in TLS or TS pathway, we 242 tested whether deleting SIZ1 or SRS2, which could completely release the SUMOylation-243 11 inhibited HR, can also rescue the K168A mutant. As shown in Fig 4A, both siz1△ and srs2△  244 can rescue damage sensitivity of K168A. This result further supported that decreased 245 SUMOylation is not the reason for DNA damage sensitivity of K168A. 246
Considering that siz1△ or srs2△ can rescue TLS or TS pathway deficiency, we further 247 tested whether the damage sensitivity of K168A mutant is caused by deficiency in these two 248 pathways. We then checked whether the TLS pathway was affected by mutating REV3, a key 249 component in TLS pathway, in wild-type or K168A strain and tested the damage sensitivity of 250 single and double mutants (Fig 4B) . We found the disruption of TLS pathway enhanced the 251 sensitivity of K168A to the damaging reagent, suggesting the hypersensitivity of K168A is 252
probably not caused by TLS pathway defection. 253
Finally, we examined whether the template switching (TS) pathway was involved. We 254 found that knocking out polyubiquitylation-related E3 ligase RAD5 resulted in severe 255 sensitivity (Fig 4B) . By greatly reducing the MMS concentration in the assay (0.0002%), we 256 were able to detect the damage sensitivity of rad5△ and K168A mutants and the double 257 mutant shows additive effect (Fig 4B) . We further calculated the fitness of each single mutant 258 and double mutant to test whether K168A mutant is really additive to these two pathway or 259 have genetic interaction with them followed the calculation method in previous study(35). As a 260 result, K168A-rad5 double mutant have alleviated DNA damage fitness than estimated fitness 261 which calculated based on single mutant fitness, indicates that K168A mutant have alleviating 262 genetic interaction with RAD5 related DDT pathway, while K168A-rev3 double mutant had 263 exactly the additive effect which indicates K168A has no genetic interaction between TLS 264 pathway ( Fig 4C) . Moreover, considering that the damage sensitivity of K168A is highly 265 resemble with rad5△ and both Rad5p and PCNA play vital roles in template switching (TS) 266 pathway, the critical DDT process is probably TS pathway. To test this hypothesis, we 267 examined whether overexpression of TS-related genes, either upstream (RAD51 related 268 genes) or downstream (SMC5, SMC6, RAD5, MMS2), were able to suppress the damage 269 sensitivity in K168A. Intriguingly, among all these genes, only overexpression of RAD5 could 270 rescue the damage sensitivity of K168A mutant to that of near wild type (Fig 4D), suggesting  271 a RAD5-specific function might be involved. Since Rad5p is known to interact with PCNA 272 12 (33), one possible explanation of this observation is that K168A weakens the interaction 273 between Rad5p and PCNA. Therefore, we performed both the yeast two-hybrid analysis 274 (Y2H) and co-immunoprecipitation (Co-IP) to monitor interactions between Rad5p and K168A 275 or wild-type PCNA. As shown in Fig 4E-F, Rad5p is able to interact with the wild type PCNA 276 and the interaction is greatly reduced in K168A mutant. Taking this together, the severe DNA 277 damage sensitivity of K168A mutant might be a consequence of compromised interaction 278 between Rad5p and PCNA. 279
Interaction between PCNA and Rad5p is vital for Rad5p function implementation 280
Rad5p is a multi-functional protein involved in DNA damage tolerance (11, 36-40). To identify 281 which function of Rad5p is specifically compromised in K168A, we constructed a series of 282
Rad5p mutants including deletions and point mutations (Fig 5A) . Over expression of most 283 mutants cannot rescue damage sensitivity of K168A excepting the FN13,14AA (Fig 5B), a  284 reported mutant deficient in the TLS pathway (41). On the other hand, over expression of 285
ATPase and ubiquitin ligase defect mutants (DE681,682AA and CC914,917AA) somewhat 286 enhanced the damage sensitivity of K168A (Fig 5B) . Therefore, we showed that both the 287 ubiquitin ligase function and ATPase function are essential for rescuing the damage sensitivity 288 of K168A. Since both functions are closely related to the TS pathway (11), it is likely that the 289 K168A mutant is deficient in the TS pathway through a Rad5-dependent mechanism. Since 290 the point mutation which block the ubiquitin ligase function or ATPase function can also 291 influence the helicase activity of RAD5, and the helicase mediated contribution to replication 292 stress survival of RAD5 can be separable from TS pathway(42). To further confirm the 293 replication stress defect of K168A is related to TS pathway, we tested whether K168A mutant 294 could suppress the cold-sensitivity of pol32△ cells, a phenotype which largely depends on 295 PCNA ubiquitylation(43). The results show that K168A mutant could suppress the cold 296 sensitivity of pol32△, to the same extent as rad5△ mutation, which in consistent with our 297 hypothesis that RAD5 related TS pathway is defected in K168A mutant. 298
Together, we revealed that the PCNA K168A mutant possesses severe sensitivity to DNA 299 damage, and the deficiency does not result from compromising the post-translational 300 modification at K164 but rather from reducing interaction with Rad5p. 301 13
Discussion
302
In this study, a highly versatile library of PCNA mutants was carefully designed and 303 chemically synthesized. Each mutant was integrated into the endogenous locus to generate a 304 library of yeast each harboring one particular mutation, which allows us to systematically 305 probe the contribution of each residue to many important functions of PCNA, such as the 306 DNA damage response. New insights into the functional domains of PCNA were revealed. 307
Crucial residues in PCNA for surviving genotoxic stress 308
Using the library, we identified a large number of mutants which are sensitive to DNA damage 309 stresses caused by MMS, UV and HU. Interestingly, the DNA-damage-sensitive mutants are 310 only sensitive to certain types of DNA-damaging reagents. Particularly, there were no mutants 311 displayed sensitivity to CPT, a drug that can induce DNA damage by inhibiting topoisomerase 312 I and hence causing DSBs (44) . To confirm this result, we further tested the sensitivity of 313 K168A and K164A, both of which are severely sensitive to HU, MMS and UV, to X-ray 314 irradiation which also causes DSB. Neither of them showed elevated sensitivity to X-ray 315 relative to the wild-type strain (data not shown). This result is consistent with the observation 316 that these mutants are not sensitive to CPT, implying that PCNA may be dispensable for DSB 317 repair. 318
After plotting the damage-sensitive mutants onto the crystal structure of PCNA trimer, we 319 found these residues spread into several distinct regions, implying that different mechanisms 320 might be applied. This is not unexpected given the fact that PCNA interacts with various 321 partners to coordinate DNA replication and repair. The mutants in this library could potentially 322 provide a resource to separate the multiple functions of PCNA by spatially disrupting 323 interaction with a particular partner. Most functions of PCNA revealed previously are from the 324 perspective of partner proteins, leading to more attention on C terminal and IDCL regions 325 where are the hub sites for PIP-box targeting (4). However, in our screening, we identified 326 more functional sites for DNA damage tolerance on the N terminal of PCNA, although the 327 IDCL and nearby regions are also important. This N terminal make it possible for PCNA to 328 partake some tasks from a previously reported "interaction hub". 329
14
The side chain of K168 correlates with DDT pathway by interacting with Rad5p 330
On account of our systematic mutagenesis principle, we can evaluate the importance of each 331 residue of PCNA for DNA damage tolerance. A new mutant, K168A, attracted our attention for 332 it had the most severe sensitivity to DNA damage among the alanine screening mutants and it 333 showed much higher persistence and intensity of γH2A and RAD52 foci. We also 334 demonstrated that the DNA damage sensitivity of this mutation is not caused by changing the 335 SUMOylation or ubiquitination on PCNA. Actually, previous reports showed that both K164A 336 and K168A mutants have no much deficiency in stimulating RFC ATPase or pol δ DNA 337 synthesis (45). Although it is reported that PCNA ISGylation at K168 in a human cell line plays 338 a crucial role in TLS termination (46), this kind of modification has not been reported in yeast 339 yet. Our results inferred that K168A could block the function of Rad5p since K168A mutant 340 drastically reduces the affinity to Rad5p while having no defect in interacting with other critical 341 partners we have tested, such as ECO1, DPB2, RFC3, RAD18, and SRS2. (Fig S6) . Indeed 342 overexpression of Rad5p can rescue the DNA damage sensitivity of K168A mutant, 343 consistent with a defect in Rad5 binding underlying the damage sensitivity phenotype. For 344 futher consideration of the influence of K168A to TLS, we noticed that this mutant also 345 disordered the affinities between PCNA and TLS polymerases. K168A decreased the affinity 346 to RAD30 while increased the affinity to REV1 (Fig S6) . This affinity disorder might explains 347 why overexpression of RAD5 cannot rescue the K168A mutant to completely healthy status. 348
In general, Rad5p is a multi-function protein with both ubiquitin E3 ligase activity and helicase 349 activity (9, 11, 38, 40 
Material and methods
379
Strains and antibodies 380
Assay specific strains were constructed with genotype listed in table S5. The reporter strain 381 used for PCNA library construction and screening is QJY001. Antibodies used were anti-HA 382 
Structure mapping 412
The mutated residues were highlighted in PCNA crystal structure using Pymol. The PDB 413 number of each structure was shown in the figure legend. 414
Prepare the whole cell protein lysate 415
